The effects of urban sprawl have been well documented, particularly regarding energy consumption. Suburban neighbourhoods are known to be energy inefficient and urban sprawl is considered as a major issue for sustainable development. To improve the energy efficiency of existing suburban urban fabrics is a major challenge that must be addressed to favour a sustainability transition of our built environment. In this context, this paper aims at investigating several scenarios that could be developed to improve the sustainability of existing suburban neighbourhoods: three main types of scenarios (building insulation, density, and urban form) and twelve sub-scenarios, which are focused on the possible evolution of the existing suburban building stocks, are proposed. Quantitative methods developed in previous research are used to assess and compare building and transportation energy consumption of a representative suburban case study. This application aims at investigating two main research questions: (1) "how to intervene in suburban neighbourhoods?" and (2) «where to intervene?" The main results of this application, which are focused on energy efficiency, are then studied in Environmental Management and Sustainable Development ISSN 2164-7682 2014 www.macrothink.org/emsd 139 a larger framework to highlight their opportunities and constraints. The main findings of the paper are that, beyond the traditional polarisation of the debates on the energy efficiency of our built environment between the "compact" and the "sprawled" city, a new pragmatic paradigm, which is focused on the smooth densification of existing suburban neighbourhoods, can make them evolve towards greater sustainability.
Introduction: Urban Sprawl and Energy Efficiency in Urban Planning
The process of urban sprawl, which commonly describes physically expanding urban areas, is a major issue for sustainable development (EEA, 2006) . Urban sprawl is known to represent a significant contribution to the overall energy consumption of a territory, particularly for energy needs in buildings and for transport. The environmental effect of urban sprawl and uncontrollable urbanisation are receiving an increasing amount of attention and may lead to various issues such as environmental pollution or large-scale climate change (CPDT, 2002; He et al., 2011; UTF, 1999; Young et al., 1996) . However, despite the growing importance of energy issues in public debate, low-density suburban developments continue growing regardless of their location. Even new districts that set themselves up as "eco" or "sustainable" are sometimes built far from city centres and are not necessarily ecological because of the high transport energy consumption (Harmaajä rvi, 2000) . Such developments are found all over Europe, the United States and even emerging countries (Nesamani, 2012; da Silva et al., 2007; Yaping and Min, 2009 )and have become an important part of our contemporary metropolitan areas (Phelps, 2012 ). An evaluation on the sustainability of these suburban neighbourhoods is necessary and requires the appropriate methods and tools.
The problems of urban sprawl and its numerous environmental, economic and societal effects inevitably refer to the question of "urban form" and its densities and, in particular, the validity of two prevailing and opposite models: the "compact city" and the "sprawled city". The opponents of sprawl articulate the "compact city" model in opposition to the "sprawled city" model using the concepts of centrality, high density, mixed use and performing urban transportation systems. Numerous authors argue that more compact urban forms will significantly reduce the energy consumption in both the building and the transportation sectors (e.g., Ewing et al., 2008; Gillham, 2002; Kenworthy, 1989 and 1999; Riera and Rey, 2013; Steemers, 2003) . However, the concrete feasibility of this model, which is often presented as an ideal urban form, is questionable. In fact, numerous research studies and policies at the national, regional and local levels pretend that it is crucial to favourthe compactness of cities and to thwart urban sprawl but do not propose adequate tools or policies to meet these goals. Moreover, several effects that are related to high compactness (such as congestion, pollution, increase of land prices, etc.) are not adequately addressed. In addition, in numerous European countries, the renewal rate of the building stock is notably low (1 to 2% per year), which implies that the main challenge is this existing building stock and its transition towards greater energy efficiency and greater sustainability. More problematically, this model does not propose any solution for the existing suburban building stock.
The "sprawled city" model dates back from the 19th century and was first developed to reduce the use of urban soil and the production prices. Because the transport costs rapidly declined and the travel speed increased (Ewing, 1994) , the mobility levels per capita have substantially increased over the recent past and have favoured the development of suburban neighbourhoods. The sprawl is believed to be facilitated by car ownership and use and to contribute to them in a positive feedback loop that reinforces both low-density development and motorisation (Gilbert and Perl, 2008) . Ewing (1994) and Urban Task Force (1999) also defined sprawl in terms of "undesirable" land-use patterns. However, if some authors are clearly critical of suburbs, others propose a more critical conversation (Modarres, 2009) . Sprawl often induces lower land prices and more affordable housing (Gordon and Richardson, 1997) . The low-density developments mean more space and a higher standard of living for numerous households and constitute one of the preferred living accommodations (Berry and Okulicz-Kozaryn, 2009; Couch and Karecha, 2006; Gordon and Richardson, 1997; Howley, 2009) . However, the promotion of this development model even at notably high construction standards (low energy or passive standards that limit the heating energy requirements of buildings at 60 and 15 kWh/m² .year, respectively) will not help to solve numerous problems that are related to urban sprawl, such as soil waterproofing, car dependency or the costs of infrastructure, networks and services.
Three main types of strategies could be investigated to limit the urban sprawl at the regional / national level. The first strategy could consist in an adaptation of the urban planning regulation framework to prohibit the urbanisation of new suburban neighbourhoods in a plain area. However, this strategy seems unrealistic because of its numerous financial consequences (compensation for depreciation, etc.). Moreover, this strategy is only efficient at a large (national) scale. The second strategy, which is often mobilised in the current policies, favours the urban renewal of city centres to propose dwellings that are better adapted to the new comfort and insulation standards (houses with gardens for families, etc.) The third strategy that could be developed follows the same goal as the previous one and consists in building new sustainable neighbourhoods located near good transportation hubs, with have attractive green and public spaces, high quality of life, etc. These last two scenarios could favour a soft transition of our built urban environment towards greater sustainability, but there is one major limitation: they do not consider the future and the possible evolutions of the numerous existing suburban neighbourhoods.
There are intervention scenarios for the existing suburban neighbourhoods to adapt them to climate change, which have been recently developed in the literature, particularly in the United States of America, the United Kingdom and Australia (e.g., Dunham-Jones and Williamson, 2011; Modarres and Kirby, 2012; Rice, 2012; Tachieva, 2012; Williams et al., 2013) . These authors propose concrete approaches, at the local level, to retrofit suburbs and increase their sustainability. Amongst various approaches (e.g., an increase in the diversity of functions, good public transportation, a retrofitting of existing networks to increase walking), an increase in the density of both people and uses is often presented as the key means for success. In France, the intensification of suburban areas is also an emerging research topic. A recent French research was dedicated to the issue of Bimby, or "Build In My Back Yard" (Miet and Le Foll, 2013) and specifically proposed to exploit the large land resources available in suburban gardens to Environmental Management and Sustainable Development ISSN 2164 -7682 2014 accommodate new dwellings. Since the first works on this issue of residential developments in gardens (Whitehand et al., 1991) , and despite its potential for suburban intensification and urban compactness, this topic remains relatively little-researched (Sayce et al., 2012) . Moreover, and more generally speaking, although one of the main aims of the approaches developed to retrofit suburban areas is to increase their sustainability, their energy efficiency is not evaluated.
In this context, this paper investigates the necessary conditions to improve the energy efficiency of existing suburban areas, by focusing on the impact of urban planning on building and transport energy consumptions at the neighbourhood scale. The following sections present (1) three main retrofitting scenarios that can be investigated to favour this evolution of suburban areas, (2) a quantitative method to assess the energy efficiency of these scenarios regarding thebuilding and transport energy consumptions at the neighbourhood scale, (3) its application to one representative neighbourhood in Belgium and (4) the confrontation between these results, focused on the energy efficiency, with the required practical conditions to achieve the proposed scenarios, such as the regulation framework, the cost and the social acceptability of the proposed measures. Finally, our main findings are summarised to conclude the paper and offer perspectives for further study onsustainability, energy efficiency and retrofitting in the suburbs.
Retrofitting Scenarios
In this paper, three main scenarios that address a possible evolution of these existing suburban neighbourhoods are investigated and assessed. These scenarios address the characteristics of buildings and urban form. They do not address parameters that are not directly linked to urban planning. The behaviour of the inhabitants, that is known to have a significant impact on energy consumption, is not discussed in this paper that focused on urban form. The behaviour of the inhabitants in suburban houses has been extensively studied in a previous paper (de Meester et al., 2013) .
Improving the Insulation of the Existing Suburban Building Stock
The first scenario improves the insulation of the existing suburban building stock without any other intervention on the urban form of the existing neighbourhoods (thus, it maintains their characteristics in terms of the density, the diversity of functions, etc.). These scenarios are identified in the following of this paper by the letter "A". Five sub-scenarios are defined to capture different levels of intervention: A1 -insulating the roof with 20 centimetres of mineral wool, A2 -insulating the roof and replacing the glazing, A3 -retrofitting the entire envelope to fit the actual energy requirements for new buildings, A4 and A5 -retrofitting the entire building envelope to satisfy the low-energy (heating requirements < 60 kWh/m² .year) and the passive (heating requirements < 15 kWh/m² .year) standards, respectively.
Increasing the Built Density of Existing Suburban Neighbourhoods
The second scenario addresses an increase in the built density of the existing neighbourhoods by constructing new houses or apartments in the gardens, where land opportunities are available. There are identified by the letter "B" in the following of the paper. Four ISSN 2164 -7682 2014 sub-scenarios are defined. In B1, new dwellings are built on the remaining unoccupied plots. In B2, the existing plots are divided to construct new dwellings at the bottom of the plots. In B3, new dwellings (detached houses) are built among the existing houses.In B4, new dwellings (terraced houses) are built among the existing houses. These four sub-scenarios are illustrated on Figure 1 . Figure 1 . Illustration of the four sub-scenarios that increase the built density of the existing suburban neighbourhoods thanks to the construction of new dwellings in the gardens (the existing houses are in black, and the new dwellings are in grey). In B1, new dwellings are built on the remaining unoccupied plots. In B2, the existing plots are divided to construct new dwellings at the bottom of the plots. In B3, new dwellings (detached houses) are built among the existing houses. In B4, new dwellings (terraced houses) are built among the existing houses.
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Re-Building More Compact Suburban Neighbourhoods
The third scenario is the most theoretical because it implies to demolish existing neighbourhoods and to re-build new neighbourhoods. It investigates the energy efficiency of more compact urban forms than the "detached houses". This scenario is proposed because it allows the comparison between low-density suburban neighbourhood and more compact urban forms, for one fixed level of insulation, the same number of dwellings and the same built surface area. Scenarios dealing with urban form are identified by the letter "C" in the following of the paper. C1 is the reference case; the urban form of the suburban neighbourhood remains unchanged (the detached houses are built on large individual plots), but the houses are built ISSN 2164 -7682 2014 according to the actual European standard for new buildings, which includes the energy requirements. Two more sub-scenarios are defined. In these sub-scenarios, the number of dwellings and the built surface area remain constant; however, in C2, the dwellings are terraced houses (ground floor + 1 floor) that are organised in the traditional urban blocks, whereas in C3,the dwellings are collective apartment buildings (ground floor + 2 or 3 floors) as illustratedin Figure 2 . In the sub-scenarios C2 and C3, the dwellings are built according to the actual standard for new buildings regarding the energy requirements for heating. Figure 2 . Schematic representation of the reference case and the two sub-scenarios dealing with more compact urban forms. Sub-scenario C1 (illustrated on the left of this image) C1 is the reference case; the urban form of the suburban neighbourhood remains unchanged (the detached houses are built on large individual plots), but the houses are built according to the actual European standard for new buildings, which includes the energy requirements. In sub-scenario C2 (middle), the dwellings are terraced houses (ground floor + 1 floor) that are organised in the traditional urban blocks, whereas in sub-scenario C3 (right), the dwellings are collective apartment buildings (ground floor + 2 or 3 floors).
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Method and Assumptions
A method was developed to evaluate the energy consumption of the suburban neighbourhoods and the retrofitting scenarios. The first part of the method, which calculates the energy requirements of the buildings and the assumptions that were used are extensively presented in Marique and Reiter (2012a) . The methodology combines a typological classification of buildings (based on the common ownership, the number of level and the surface area of the dwelling; see also Marique and Reiter (2012a) for more details), thermal dynamic simulations and statistical treatments of national censuses to assess the annual energy consumption for space heating, space cooling, ventilation, appliances and domestic hot water. The energy consumption and the primary energy consumption for space heating, cooling and ventilation at the neighbourhood scale are calculated by adding the results from the energy simulations for each type of house according to their distribution in the neighbourhood. The energy consumptions of the appliances, for cooking and domestic hot water are not considered in the framework of this paper. Note also that empirical surveys (ICEDD, 2005; Kint, 2008) show that heating represents the largest portion of the overall energy consumption of Belgian households (76%).
The second part of the energy assessment addresses the energy consumption for daily mobility, which is assessed using a commute-energy performance index that was developed by Boussaux and Witlox (2009) and adapted by Marique and Reiter (2012b) for suburban areas. ISSN 2164 -7682 2014 Assumptions taken into account for the Belgium context were presented extensively in Marique and Reiter (2012b) . This index is expressed in kWh/travel.person and represents the mean energy consumption per territorial unit for travel for one person who lives within a particular neighbourhood. This index considers the travelled distances, the means of transport and its relative consumption rates, which are expressed by equation (1). This index was calculated and mapped for the whole Belgium territory, using a GIS tool, at the "census block" scale. In Belgium, the "census block" (or neighbourhood) is the smaller territorial unit in which statistical data are available.
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(1)
In equation (1), i is the territorial unit, m is the mean of transport (diesel car, fuel car, train, bus, bike, on foot),Dmi is the total distance travelled using the means of transport m in the district i,fm is the consumption factor attributed to the means of transport m, and Ti is the number of persons in the territorial unit i. The consumption factors depend on the consumption of the vehicles (litres of fuel per kilometre) and their occupancy rate. The indices are 0.56 kWh/person.km for a diesel car, 0.61 kWh/p.km for a gasoline car, 0.45 kWh/p.km for a bus, 0.15 kWh/p.km for a train and 0 for non-motorised means of transportation because they do not consume any energy in the following application but can be adapted to each situation and territory because their calculation is entirely parameterised.
The energy consumption for the daily mobility is obtained via equation 2. (2) In equation 2, the energy performance index is multiplied by the number of people N and the number of trips T in the neighbourhood.
Note that these data only consider the home-to-work and home-to-school travels, but we can use the same methodology for in situ survey data to consider all travel purposes. Although the home-to-work and home-to-school travels are becoming less meaningful in the daily travel patterns in the Western world because of the dramatic growth in other activities (Graham, 2000; Pisarski, 2006) , they have more structural power than other travel forms because they are systematic and repetitive.
Using the developed method, the building energy consumption and the transportation energy consumption can be expressed with a common unit (kWh/person.year or kWh/neighbourhood.year), which allows one to consider these two topics together and to include the effect of the location on the daily mobility in the energy balance.
Application and Results
Urban sprawl is a concern in a large portion of Wallonia (Belgium). In this region, 52% of the building stock is detached and semi-detached houses (Kints, 2008) , and 50% of the census blocks of the region has a mean housing density between five and twelve dwellings per hectare (Vanneste et al., 2007) . Suburban neighbourhoods are found everywhere in the region and not only in the suburban municipalities. In this case study, the aforementioned method is applied to one representative suburban neighbourhood of Wallonia. This representative neighbourhood (Figure 3) was selected based on a typological classification of neighbourhoods that was performed to highlight the most representative type of suburban neighbourhoods. Numerous simulations, calculations and sensitivity analyses were performed on several representative neighbourhoods and highlighted that the major trends (highlighted below) remain the same for the suburban neighbourhoods, which shows a built density of 5-12 dwellings per hectare (Marique, 2013) . Currently, the required energy for heatingin buildings is the most important portion of the calculated consumption at the neighbourhood level because the existing suburban building stock in Wallonia is old and poorly insulated. Depending on the available bus services and the distance to the city centre, transportation (only home-to-work and home-to-school travels are considered) represents 11.9-35.9% of the energy consumption of a neighbourhood.
Then, the aforementioned twelve sub-scenarios were applied to this representative neighbourhood to investigate their energy efficiency. Quantitative results are summarized in Table 1 and show that, from an energy viewpoint, all scenarios present interesting results. As stated in Table 1 , the energy consumption for heating in buildings is reduced by -7.3% (if only the roofs of the existing buildings are insulated) to -89.8% (if passive retrofitting is promoted). For one fixed insulation level (e.g., the actual fixed energy requirements in the European Directive on the Energy Performance of Buildings as presented in Table 1 , although the trends are identical for the low-energy and the passive standards), the most efficient strategies rebuild the neighbourhoods in a more compact urban form (urban blocks or apartment buildings). These scenarios allow a reduction of 68.1% and 70.4%, respectively, in comparison with the Environmental Management and Sustainable Development ISSN 2164 -7682 2014 reference case (detached houses; related to a reduction of 45.2% only), which highlight the low energy efficiency of this type of urban form, even when the detached houses have better insulation (the result is also true for identical insulation levels). An increase in the built density of the existing neighbourhoodsalso improves the energy efficiency of the existing neighbourhoods by constructing new well-insulated houses (B1 to B3). In B4, the results are better because the insulation of new buildings and the building distribution (terraced houses) are mobilised together. Another interesting scenario, which is assimilated into B4, is the building of new collective dwellings in existing neighbourhoods where large land opportunities remains available (for example, in the centre of suburban blocks that were only urbanised on their perimeter). To optimise the energy consumption reductions of the scenarios that increase the built density, it appears necessary to also improve the insulation of the existing buildings. Beside their interest in terms of the energy efficiency, the scenarios that increase the built density avoid the urbanisation of unoccupied land and the construction of new infrastructures.In these scenarios, the new dwellings are developed by increasing the density of the existing neighbourhoodsinstead of developing new low-density neighbourhoods. However, the previous scenarios, particularly those that address the density and the construction of new urban forms, cannot be recommended everywhere in the territory. It is crucial to consider the effect of the location of the neighbourhoods on the travelled distances and the transport energy consumption. For example, the building of a mixed and dense neighbourhood andthe increase in density of an existing neighbourhood that is notably badly located (far from the city centre, shops and other services, with notably low bus services) are obviously counter-productive. Thus, the effect of the location of the neighbourhoods was finally investigated using the commute-energy performance index. Marique et al. (2013a; 2013b) highlighted the huge effect of the structure of the territory on the transport energy consumption (Figure 4) . In this work, the territory is interpreted as the system defined by three main elements: i) the location of work places and services (commercial, education, leisure, etc.) , ii) the spatial distribution of the population according to the place of residence and iii) the ISSN 2164 -7682 2014 infrastructures (the transport and technical networks). The variation of functions (residences, shops, work places, leisure, etc.) in the neighbourhood and the built density have the strongest effect on the variation of the transport energy consumption. The energy efficiency of home-to-work and home-to-school trips is strongly determined by the travelled distance. The mode choice has a smaller effect on the energy performance of those types of commutes. This result can partly be explained by the relationship between the distance and the mode choice. Figure 4 . The mapping the commute-energy performance index for home-to-work travel (in kWh/person.travel at the neighbourhood scale shows the variation of the transportation energy consumption (home-to-work travel) according to the location of the neighbourhood.
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In this work, these results are mobilised to identify the most appropriate suburban neighbourhoods, where an increase in the built density could be favoured without increasing the energy performance index for commuting. Because suburban neighbourhoods are mainly mono-functional and less dense, this simulation is based on the proximity between one suburban neighbourhood and one or more rural or urban cores, which are dense and present a great variety of functions. The urban and rural cores that we used are defined by the National Institute for Statistics (INS, 2006) . Figure 5 highlights in yellow the most appropriate suburban neighbourhoods. The green suburban neighbourhoods are located further from the existing urban or rural cores. In those neighbourhoods, an increase in the built density and the construction of new neighbourhoods is not recommended; because of their location and characteristics, the transport energy consumption is expected to be high (longdistances to travel and few or no alternatives to private cars). ISSN 2164 -7682 2014 Figure 5. The urban and rural cores (in red), suburban neighbourhoods that are near an urban/rural core (in yellow) and suburban neighbourhoods that are far from the existing cores (in green).
Thus, the scenarios that increase the built density, as well as the building of new neighbourhoods, can be limited to these high-potential areas (neighbourhoods highlighted in yellow on Figure 5 ). Moreover, these two types of scenarios allow us to recompose locally dense and mixed cores, which have proved their interest in energy efficiency and mode choice in transportation (Marique et al., 2013a , Myung-Jung et al., 2013 . This opportunity is interesting particularly because the regional administration has evaluated that 350,000 new dwellings will be built by 2040 to absorb the forecasted demographic growth (+600,000 inhabitants in Wallonia for 2040).
Discussion: Retrofitting the Suburbs by Improving Their Energy Efficiency; Key Challenges and Limitations
The results in the first parts of this paper were focused on the energy consumption, which is a crucial topic in the scope of a sustainability transition of suburban areas. This approach is finally completed and moderated by considering the previous study in a broader framework, which considers the economic feasibility of the proposed measures, the regulation framework that allows or does not allow these measures and its societal acceptability.
The cost of the works related to the sub-scenarios that address the insulation of existing buildings increased the insulation level increase (thus, the energy efficiency increase) because of the huge quantity of material to use to reach efficient energy standards. The return on investment must be studied in every particular case to refine this trend. Although there have been financial intensives for several years, this aspect is a major brake to the energy retrofitting of the existing building stock. The division of the existing large plots (mean size = 1,000 m² ) to increase the built density of the existing neighbourhoods allows the owners to sell a part of their plot and gain a considerable amount of money. This option, also investigated in the French ISSN 2164 -7682 2014 BIMBY research (Miet and Le Foll, 2013 ) is particularly interesting for households that do not use their entire plot.
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We have studied the existing regulation framework (regional and local codes and rules that are related to architecture and urban planning) in Wallonia (Belgium) and this framework is adapted to the scenarios that address the insulation of existing buildings. The only possibly problematic element is the replacement of the facing materials (some colours and materials must be respected according to the local regulations). To increase the built density of existing neighbourhoods is more complicated (except in the sub-scenario B1) because most suburban municipal authorities are reticent to this trend and have adopted specific regulations to avoid increasing the built density of the existing and new suburban neighbourhoods. Because the densification of the existing low-density neighbourhoods is a major preoccupation of the actual regional government (urban planning is a regional matter in Belgium), we can hope for an evolution towards more flexibility in the next few years. Moreover, if the increase in the built density in scenario B1 to scenario B4 can be based on the individual initiatives, scenarios C1 to C3 and the densification of large unoccupied plots in the centre of the existing neighbourhoods request an important intervention of public authorities and private developers to manage the aspects linked to the land properties and build collective development (with various functions, etc.).
Finally, the societal acceptability of the scenarios that increase the built density is also notably problematic. As previously highlighted in the literature, a recent in situ survey in Wallonia (Pierson, 2010) confirms that households in those low-density suburban neighbourhoods are quite reticent to any changes, particularly to increase the built density. Further applied research dedicated to the social representations of housing is necessary to overpass this huge brake.
Conclusions and Perspectives
This paper addresses the challenges and conditions of a retrofitting of suburban areas, which was articulated around an increase in the energy efficiency in both the building and the transportation sectors. Two powerful levers were used: (1) urban form, which was considered in addition to the individual building scale, and (2) mobility, to consider the energy used in transportation. Three main types of scenarios (the retrofitting of existing neighbourhoods, increasing the built density and more compact urban forms) and twelve sub-scenarios focused on possible evolutions of the existing suburban building stock were modelled and assessed. The main results of this approach, which were focused on the energy efficiency, were then rethought in a larger framework to highlight the opportunities, the limitations, the constraints and the feasibility of each strategy. These findings show that beyond the traditional polarisation of the debates on energy efficiency of our built environment between the "compact city" and the "sprawled city", a new pragmatic paradigm, focused on the sustainability transition of suburban areas, particularly by smooth densification in the gardens of existing houses, can make suburban areas evolve towards greater sustainability. However, there are numerous brakes, particularly those that are related to the existing regulation framework and the societal acceptability of an increased density, which should be investigated in further study to be surpassed. These results open avenues for further research on the smooth densification in the http://dx.doi.org/10.1016/S0195-9255(00)00048-2 He, J., Bao, C.K., Shu, T.F., Yun, X. Y., Jiang, D., & Brown, L. (2011 
